Bacterial DNA-dependent RNA polymerase (RNAP) has subunit composition ␤␤␣ I ␣ II . The role of has been unclear. We show that is homologous in sequence and structure to RPB6, an essential subunit shared in eukaryotic RNAP I, II, and III. In Escherichia coli, overproduction of suppresses the assembly defect caused by substitution of residue 1362 of the largest subunit of RNAP, ␤. In yeast, overproduction of RPB6 suppresses the assembly defect caused by the equivalent substitution in the largest subunit of RNAP II, RPB1. High-resolution structural analysis of the -␤ interface in bacterial RNAP, and comparison with the RPB6 -RPB1 interface in yeast RNAP II, confirms the structural relationship and suggests a ''latching'' mechanism for the role of and RPB6 in promoting RNAP assembly. It has been shown previously that four subunits of bacterial RNAP core enzyme have sequence, structural, and functional homologs in archaeal and eukaryotic RNAP (2-16). Bacterial RNAP subunit ␤Ј, which is the largest subunit and which is involved in catalysis, corresponds to archaeal RNAP subunit RpoAЈ͞RpoAЉ and eukaryotic RNAP I, II, and III subunits RPA1, RPB1, and RPC1. Bacterial RNAP subunit ␤, which is the second-largest subunit and which also is involved in catalysis, corresponds to archaeal RNAP subunit RpoB (or RpoBЈ͞RpoBЉ) and eukaryotic RNAP I, II, and III subunits RPA2, RPB2, and RPC2. Bacterial RNAP subunits ␣ I and ␣ II , which are identical in sequence but different in location within RNAP (with ␣ I interacting with ␤, and ␣ II interacting with ␤Ј) and which are involved in RNAP assembly and transcriptional regulation, correspond to archaeal RNAP subunits RpoD and RpoL, eukaryotic RNAP I and III subunits RPC5 and RPC9 (also known as RPAC40 and RPAC19), and eukaryotic RNAP II subunits RPB3 and RPB11.
, which are identical in sequence but different in location within RNAP (with ␣ I interacting with ␤, and ␣ II interacting with ␤Ј) and which are involved in RNAP assembly and transcriptional regulation, correspond to archaeal RNAP subunits RpoD and RpoL, eukaryotic RNAP I and III subunits RPC5 and RPC9 (also known as RPAC40 and RPAC19), and eukaryotic RNAP II subunits RPB3 and RPB11.
The role of the fifth subunit of bacterial RNAP core enzyme, (17) , has been unclear. On the one hand, the Escherichia coli rpoZ gene, which encodes , is not essential for viability under standard laboratory conditions (18) , and reconstituted RNAP lacking is indistinguishable from RNAP containing in in vitro transcription assays (refs. 19 and 20 ; K.S., unpublished data). On the other hand, homologs are present in all sequenced genomes of free-living bacteria, suggesting an important, conserved function ( Fig. 1) , deletion of results in a slow-growth phenotype (21) , deletion of results in association of RNAP with the molecular chaperone GroEL in vivo (22) , and significantly increases the yield of correctly assembled, active RNAP during in vitro reconstitution of RNAP (ref. 21 ; D. Markov and K.S., unpublished data).
In this work, we show that is homologous in sequence to archaeal RNAP subunit RpoK and is homologous in sequence, structure, and function to eukaryotic RNAP I, II, and III subunit RPB6. In addition, based on structural and genetic analysis, we suggest that and RPB6 function in RNAP assembly by ''latching'' the N-and C-terminal regions of the RNAP largest subunit, thereby facilitating association of the RNAP largest subunit with the ␤␣ ⌱ ␣ II assembly intermediate (1) in bacteria and with the corresponding assembly intermediates (12, 23) in eukaryotes.
aquaticus genomic DNA using degenerate primers. The upstream primer, 5Ј-CCS GGS ATC GAC AAC CTS TTC GG-3Ј, was designed based on the N-terminal amino acid sequence of the Ϸ11-kDa polypeptide present in the preparation of T. aquaticus RNAP core enzyme of ref. 6 (XXPGIDLFG; sequence from material isolated by SDS͞PAGE and blotted to poly(vinylidene difluoride); sequencing by automated gas-phase Edman analysis at the Rockefeller University Protein-DNA Technology Center). The downstream primer, 5Ј-SAG CTG CAG SCG GGC CTT SGC-3Ј, was designed based on the consensus sequence for CR1 (Fig. 1) .
A SacI plasmid library of T. aquaticus genomic DNA was prepared, a clone containing the gene was identified by colony hybridization, plasmid DNA from the clone containing the gene was isolated, and the DNA-nucleotide sequence of the gene was determined (methods as in ref. 26); the sequence of 99-amino acid-long was deduced (MAEPGIDKLFGMVDSKYRLTVVVAKRAQQLLRHRFKN-TVLEPEERPKMRTLEGLYDDPNAVTWAMKELLTGRLFF-GENLVPEDRLQKEMERLYPTEEEA).
Structure Determination. In the published structure of T. aquaticus core RNAP, electron density corresponding to a Ϸ90-residue polypeptide tentatively was identified as and was modeled as Residues identical in at least half of the aligned sequences and represented in all three sets of aligned sequences are in red; residues identical or similar in at least half of the aligned sequences and represented in all three sets of aligned sequences are in blue. CR1-CR3 (yellow bars) delineate conserved regions (defined as containing residues identical or similar in at least half of the aligned sequences and represented in all three sets of aligned sequences, and containing no insertions or deletions greater than one residue). Helices 2 and 3 and strand 1 in the crystallographic structure of Thermus aquaticus ( Fig. 3) a polyalanine chain (6) . We have modeled the sequence of T. aquaticus , determined as described above, into this density. The sequence matched the electron density features well (Fig. 2) , and all internal Met residues in the sequence (residues 12, 48, 65, and 89) corresponded to peaks in the selenomethionine (SeMet) Fourier difference map obtained using SeMet-substituted RNAP (ref. 6 and Fig. 2) . Refinement of the model, in conjunction with rebuilding and refinement of the entire structure of RNAP core enzyme, was performed (methods as in ref. 6).
The current structure has an R factor of 28% (R free ϭ 36%) and includes residues 2-96 of (of 99 total residues). Coordinates for the current structure have been deposited in the Protein Data Bank. DALI (27) structure comparisons were performed (www2.ebi.ac.uk͞dali). , and rpoC 397c mutations were described previously (28) . For overproduction of , plasmids pE3C2 and pGP1-2 (29) 
Results
Bacterial , Archaeal RpoK, and Eukaryotic RPB6 Are Sequence Homologs. In the course of systematic PSI-BLAST searches using bacterial, archaeal, and eukaryotic RNAP subunit sequences as queries, we have encountered a previously unrecognized, but unequivocal, sequence relationship among bacterial RNAP subunit , archaeal RNAP subunit RpoK, and eukaryotic RNAP I, II, and III subunit RPB6. Thus, PSI-BLAST searches using sequences as queries (E. coli residues 10-65, Vibrio cholerae , Bacillus subtilis , or Xylella fastidiosa ) retrieve RpoK and RPB6 sequences; PSI-BLAST searches using RpoK sequences as queries (Archaeoglobus fulgidus RpoK, Haloarcula marismortui RpoK, Methanobacterium thermoautotrophicum RpoK, or Pyrococcus abyssi RpoK) retrieve and RPB6 sequences; and PSI-BLAST searches using RPB6 sequences as queries (Arabidopsis thaliana RPB6, Caenorhabditis elegans RPB6, Drosophila melanogaster RPB6, or Homo sapiens RPB6) retrieve and RpoK sequences. In each case, E scores are Ͻ Ͻ1 ϫ 10
Ϫ4
. Multiple-sequence alignment of bacterial , archaeal RpoK, and poxviral and eukaryotic RPB6 sequences retrieved from PSI-BLAST searches using bacterial sequences as queries confirms the sequence relationship and defines three regions of sequence similarity ( Fig. 1 ): conserved region 1 (CR1, corresponding to residues 15-34 of E. coli ), conserved region 2 (CR2, corresponding to residues 38-42 of E. coli ), and conserved region 3 (CR3, corresponding to residues 46-65 of E. coli ). CR1 and CR3 exhibit high sequence similarity, containing, respectively, eight positions and six positions with residues identical in at least half of aligned sequences and represented in all three sets of aligned sequences (, RpoK, and RPB6); CR2 exhibits modest sequence similarity (Fig. 1 ).
Bacterial and Eukaryotic RPB6 Exhibit Structural Similarity. The structure of RNAP core enzyme from the thermophilic bacterium T. aquaticus revealed a molecule with a ''crab-claw'' shape, with a central mass formed by residues of ␤Ј, ␤, ␣ ⌱ , and ␣ ⌱⌱ , and two prominent pincer-like projections formed by residues of ␤Ј and ␤ (6). In addition, the structure contained a Ϸ90-amino acid polypeptide of unknown sequence, corresponding to an 11-kDa polypeptide present in the preparation of T. aquaticus RNAP core enzyme, tentatively identified as T. aquaticus (based on the correspondence of the length and predicted secondary structure of the polypeptide to the length and predicted secondary structure of E. coli ; ref. 6) .
We have determined the N-terminal amino acid sequence of the 11-kDa polypeptide present in the preparation of T. aquaticus RNAP core enzyme and cloned and sequenced the corresponding gene (see Materials and Methods). The inferred amino acid sequence of the 11-kDa polypeptide exhibits high similarity to bacterial sequences, confirming the identity of the 11-kDa polypeptide as T. aquaticus (Fig. 1) . We have modeled the amino acid sequence into the structure of T. aquaticus RNAP core. The sequence matches experimental electron density well (Fig. 2) , and each internal Met residue in the sequence corresponds to a peak in the SeMet Fourier difference map obtained by using SeMet-substituted RNAP (ref. 6 ; Fig. 2) .
The residues of shown in the sequence alignment in Fig. 1 form a discrete, compact, globular protein domain (Figs. 1, 2b , and 3a). Conserved regions CR1-CR3 form the core of the protein domain in (yellow in Figs. 2b and 3a) . The nonconserved regions between CR1 and CR2 and between CR2 and CR3 form loops that make excursions from the protein domain (cyan in Figs. 2b and 3a) . Conserved regions CR1 and CR3 correspond to specific secondary-structure elements (Figs. 1, 2b , and 3a). CR1 corresponds, almost precisely, to ␣-helix 2; the first 1445 are not defined in the available structure.) Residue numbers in structural elements of RPB6 and RPB1 were inferred by reference to residue numbers in structurally equivalent elements of and ␤Ј (a) and to sequence alignments ( Fig. 1; also panel f herein) , and are expected to be correct within Ϸ1 residue. (d) Location of RPB6 within yeast RNAP II (atomic coordinates as in c). The structure of yeast RNAP II is illustrated in a C␣ representation. Conserved regions CR1-CR3 of RPB6 are in yellow; nonconserved regions of RPB6 are in blue; RPB1 is in pink, with the RPB1 C-terminal tail in red; RPB2 is in cyan, RPB3 and RPB11 are in green; subunits of RNAP II without counterparts in bacterial RNAP (RPB5, RPB8, RPB9, RPB10, and RPB12) are in gray; the active-center Mg 2ϩ is in magenta. (e) Structural alignment of (cyan; residues 9 -81) and RPB6 (red; residues 80 -138). ( f) Sequences of segments of the RNAP largest subunit that interact with (a) and RBP6 (c). Conserved regions of the RNAP largest subunit are indicated by lettered boxes (8) . The amino acid substitutions in E. coli rpoC tsX and yeast RPB1-1 are indicated above the aligned sequences. Sequences shown are, in order: T. aquaticus ␤Ј (CAB65466), E. coli ␤Ј (RPOCECOLI), S. cerevisiae RPA1 (RPA1YEAST), S. cerevisiae RPB1 (RPB1YEAST), and S. cerevisiae RPC1 (RPC1YEAST). The dots indicate amino acid identities.
half of CR3 corresponds to ␣-helix 3; the second half of CR3 corresponds to ␤-strand 2 (Fig. 2b) .
One face of the ␣-helix corresponding to CR1 of interacts with an ␣-helix within conserved region D of ␤Ј (residues 755-762; pink in Fig. 3a) . Another face of the ␣-helix corresponding to CR1 interacts with conserved region G of ␤Ј (residues 1216-1220; pink in Fig. 3a) and with residues 1476-1486 of the C-terminal tail of ␤Ј (red in Fig. 3a) . The ␣-helix corresponding to the first half of CR3 makes additional interactions with the C-terminal tail of ␤Ј. The ␤-strand corresponding to the second half of CR3 wraps over and around the C-terminal tail of ␤Ј, with residues 1483-1489 of the C-terminal tail of ␤Ј literally being threaded through the narrow gap between CR1 and the second half of CR3 (Fig. 3a) . Nonconserved residues C-terminal to CR3 form an ␣-helix (␣-helix 4; residues 83-91, DRLQKEMER, Fig. 2b ) that further secures the C-terminal tail of ␤Ј (not shown). (The presence of ␣-helix 4, and interactions by ␣-helix 4, may be unique to T. aquaticus , which is longer than most examples of .) The extensive contacts between the subunit and ␤Ј are in agreement with published crosslinking studies (32) .
The ␣-carbon backbone of yeast RNAP II has been determined by x-ray analysis at 3.0-Å resolution (7) . If the sequence similarities between and RPB6 described above are meaningful, one would expect that (i) and RPB6 would be structurally similar, and (ii) and RPB6 would interact with the remainder of RNAP in a structurally similar fashion. The structural analysis presented in Fig.  3 reveals that these expectations are fulfilled.
First, the conserved regions of and RPB6 are structurally equivalent (Fig. 3e) . The structures of and RPB6 are superimposible, with a rms deviation of 2.2 Å for 47 superimposed C␣ atoms (Fig. 3e) . As in , in RPB6, CR1 corresponds to an ␣-helix, the N-terminal half of CR3 corresponds to an ␣-helix, and the C-terminal half of CR3 corresponds to a ␤-strand.
Second, the conserved regions of and RPB6 are positioned equivalently relative to the remainder of RNAP, each being located at the base of the pincer-like projection formed by the largest RNAP subunit (compare Fig. 3 b and d) , and each making interactions with conserved region D, conserved region G, and the C-terminal tail of the largest RNAP subunit (compare Fig. 3 a  and c) .
Bacterial and Eukaryotic RPB6 Exhibit Functional Similarity. To determine whether and RPB6 exhibit functional similarity, we made use of the serendipitous observation that the E. coli rpoC tsX mutation and the yeast RPB1-1 mutation result in amino acid substitutions that are equivalent, that are located in the ͞␤Ј and RPB6͞RPB1 interfaces, that destabilize RNAP, and that result in temperature-sensitive phenotypes (28, 30, 33) .
The E. coli rpoC tsX mutation results in replacement of Gly 1360 , within conserved region H of ␤Ј, by Asp (ref. 28 ; Fig. 3f ). In the structure of T. aquaticus RNAP, Gly 1474 , which corresponds to E. coli Gly 1360 , is located close to the point where the C-terminal tail of ␤Ј emerges from the structure of RNAP and is in direct van der Waals contact with the third residue of CR1 of (Fig. 3a, green  sphere) . RpoC tsX mutants are temperature-sensitive for growth (28) . The mutant RNAP is temperature-sensitive for activity, is so unstable that it can be purified only by use of high concentrations of glycerol in chromatographic buffers, and exhibits a high tendency to dissociate into ␤Јand ␤␣ . 33; Fig. 3f ). In the structure of RNAP II (7), this residue is expected to be located close to the point where the C-terminal tail of RPB1 emerges from the structure of RNAP and to be in direct van der Waals contact with the third residue of CR1 of RPB6 (Fig. 3c, green sphere) . RPB1-1 mutants are temperature-sensitive for growth and cease transcription immediately upon temperature upshift, suggesting that the mutant RNAP is temperature-sensitive for activity (30) . The mutant RNAP is so unstable that it cannot be purified by conventional procedures (30) . Overexpression of RPB1-1 suppresses the temperature-sensitive phenotype (35) , suggesting that RPB1-1 is partially defective in interaction with the rest of RNAP.
We have compared effects of overproduction of on the temperature-sensitive phenotype of E. coli rpoC promoter (29) , or a vector-only control plasmid (29) , into rpoC tsX cells and plated at permissive and nonpermissive temperatures (37°C and 42°C). As a control, to assess allele specificity of suppression, we also introduced the same pair of plasmids into rpoC ts4 cells (which produce a ␤Ј derivative having a replacement of Gly 181 by Asp, and which exhibit a temperature-sensitive defect in RNAP assembly) (ref. 28 ; E. Nedea and K.S., unpublished results) and rpoC 397C cells (which produce a ␤Ј derivative lacking residues 1359-1407, and which exhibit a temperature-sensitive defect in RNAP assembly) (ref. 36 ; E. Nedea and K.S., unpublished results).
Overproduction of suppressed the temperature-sensitive phenotype of rpoC tsX cells but did not suppress the temperaturesensitive phenotypes of rpoC ts4 cells and rpoC 397C cells (Fig. 4a) . To assess effects of overproduction of RPB6 on the temperaturesensitive phenotype of yeast RPB1-1 cells, we introduced a highcopy number plasmid encoding RPB6 (31), or a vector-only control plasmid (31), into RPB1-1 cells and plated at permissive and nonpermissive temperatures (30°C and 36°C). Overproduction of RPB6 suppressed the temperature-sensitive phenotype of RPB1-1 (Fig. 4b) . Thus, overproduction of and overproduction of RPB6 have equivalent (and allele-specific) suppressing effects on temperature-sensitive phenotypes of equivalent substitutions within ␤Ј and RPB1.
Discussion
The principal result of this work is the demonstration that bacterial RNAP subunit is homologous in sequence to archaeal RNAP subunit RpoK and homologous in sequence, structure, and function to eukaryotic RNAP I, II, and III subunit RPB6. Previous work had demonstrated that four subunits of bacterial RNAP (␤Ј, ␤, ␣ ⌱ , and ␣ ⌱⌱ ) have counterparts in archaeal and eukaryotic RNAP. It is now clear that the similarity extends further than had been anticipated and that, in fact, all five subunits of bacterial RNAP have counterparts in archaeal and eukaryotic RNAP.
A further result of this work is the demonstration that and RPB6 promote RNAP assembly, and͞or increase RNAP stability, through specific interactions with the RNAP largest subunit (␤Ј in bacteria, RPB1 in eukaryotic RNAP II). A precedent for this result comes from the observation that overproduction of RPB6 suppresses the temperature-sensitive phenotype of RPB1-rpo21-4 (37, 38) . The RPB1-rpo21-4 mutation results in a four-residue insertion between residues 594 and 595 of yeast RPB1 (38)-residues that, based on the structure of yeast RNAP II (7) , are expected to be close to RPB6. A further precedent for this result comes from the observation that mutation of RPB6 results in a decrease in the steady-state level of RPB1 in vivo (31) . The observation that mutation of RPB6 likewise results in a decrease in the steady-state level of the largest subunit of eukaryotic RNAP I in vivo (31) supports the reasonable inference that RPB6 likewise promotes RNAP assembly, and͞or increases RNAP assembly, through interactions with the largest subunits of eukaryotic RNAP I and RNAP III.
The structures of and RBP6, and the structures of the ͞␤Ј and RPB6͞RPB1 interfaces, suggest a molecular mechanism for the function of and RPB6 in promoting RNAP assembly and͞or stability. The conserved regions of and RPB6 form a compact structural domain that interacts simultaneously with conserved regions D and G of the largest RNAP subunit and with the C-terminal tail following conserved region H of the largest RNAP subunit (Fig. 3 a and c) . The second half of CR3 of and RPB6 forms an arc that projects away from the remainder of the structural domain and wraps over and around the C-terminal tail of the largest RNAP subunit, clamping it in a crevice formed by CR1 and the first half of CR3, and threading the C-terminal tail of the largest RNAP subunit through the narrow gap between CR1 and the second half of CR3 of and RPB6 (Fig. 3 a and c) . We propose that and RPB6 promote RNAP assembly by acting as molecular ''hookfasteners'' or ''latches'' (with the C-terminal residues of and RPB6 corresponding to the hook or hasp). Specifically, we propose that and RPB6 latch conserved regions D and G of the largest RNAP subunit to the C-terminal tail of the largest RNAP subunit, thereby conformationally constraining N-and C-terminal regions of the largest subunit in a manner that reduces the configurational entropy of the largest subunit and that facilitates interaction of the largest subunit with the ␤␣ ⌱ ␣ ⌱⌱ assembly intermediate (1) in bacterial RNAP and with the corresponding assembly intermediates (12, 23) in eukaryotic RNAP. Consistent with this proposal, deletion of the C-terminal tail of ␤Ј does not abrogate binding of to ␤Ј but does abrogate function of in promoting RNAP assembly and stability (mutant rpoC 397C ) (ref. 36 ; Fig. 4a ; L.M. and K.S., unpublished data).
